To determine whether developing primate eyes are capable of growing in a manner that eliminates astigmatism, we reared infant monkeys with cylindrical spectacle lenses in front of one or both eyes that optically simulated with-the-rule, against-the-rule, or oblique astigmatism (þ1:50 À 3:00 Â 90, · 180, · 45 or · 135). Refractive development was assessed by retinoscopy, keratometry and A-scan ultrasonography. In contrast to control monkeys, the cylinder-lens-reared monkeys developed significant amounts of astigmatism. The astigmatism was corneal in nature, bilaterally mirror symmetric and oblique in axis, and reversible. The ocular astigmatism appeared to be due to a reduction in the rate of corneal flattening along the steeper meridian while the other principal meridian appeared to flatten at a more normal rate. However, regardless of the orientation of the optically imposed astigmatism, the axis of the ocular astigmatism was not appropriate to compensate for the astigmatic error imposed by the treatment lenses. Our results indicate that visual experience can alter corneal shape, but there was no evidence that primates have an active, visually regulated ''sphericalization'' mechanism.
Introduction
Astigmatism is an ametropia in which the eyeÕs refractive error varies from one meridian to the next. To a first approximation, the meridians of greatest and least refracting power, the principal meridians, can be considered to be orthogonal. As a consequence, the image of an axial point source in an astigmatic eye will consist of two perpendicular line foci. Although astigmatism is caused by both internal (e.g., the posterior corneal surface and the crystalline lens) and external ocular structures (the anterior corneal surface), numerous studies have shown that astigmatism is typically corneal in nature, primarily reflecting the shape of the anterior corneal surface (e.g. Dobson, Miller, & Harvey, 1999; Grosvenor, 1976; Grosvenor, Quintero, & Perrigin, 1988; Howland & Sayles, 1985; Lam, Chan, Lee, & Wong, 1999; Lyle, 1991) .
Astigmatism is the most common ametropia, occurring frequently in both healthy (Lyle, 1991) and diseased eyes (Bogan, Simon, Krohel, & Nelson, 1987; Nathan, Kiely, Crewther, & Crewther, 1986) . Although most eyes exhibit a measurable amount of astigmatism, the degree of astigmatism is generally quite small. Only about 20% of young adults exhibit more than 1.50 D of corneal astigmatism (Lyle, 1971) . However, like spherical ametropias, the prevalence of astigmatism varies with age (Lyle, 1991) . In particular during early infancy, there are a number of parallels between the maturational changes that take place in the eyeÕs spherical and astigmatic refractive errors. For example, as a group, newborn infants frequently exhibit large spherical ametropias, particularly high hyperopic errors (for reviews see Young & Leary, 1991; Zadnik & Mutti, 1998) . However, during early development the two eyes of most infants grow in a highly coordinated manner toward the ideal spherical refractive state, a process call emmetropization. Similarly, a high proportion of infants exhibit significant amounts of astigmatism (i.e., astigmatic errors P1.0 D). The prevalence of significant levels of astigmatism in infants appears to reach a maximum a few months after birth (Atkinson, Braddick, & French, 1980; Edwards, 1991; Fulton et al., 1980; Gwiazda, Scheiman, Mohindra, & Held, 1984; Howland, Atkinson, Braddick, & French, 1978; Mohindra, Held, Gwiazda, & Brill, 1978; Santonastaso, 1930; Saunders, Woodhouse, & Westall, 1995) , but then systematically declines to adult levels by school ages (Atkinson et al., 1980; Gwiazda et al., 1984; Howland & Sayles, 1984) , i.e., a ''sphericalization'' occurs.
Research in a wide range of animal species, including higher primates, indicates that early axial growth and the emmetropization process is regulated by visual feedback (Graham & Judge, 1999; Howlett & McFadden, 2002; Hung, Crawford, & Smith, 1995; Irving, Sivak, & Callender, 1992; Kee, Marzani, & Wallman, 2001; Schaeffel, Glasser, & Howland, 1988; Schmid & Wildsoet, 1996; Siegwart & Norton, 1993; Wildsoet & Wallman, 1995) . However little is currently known about the ''sphericalization'' process that occurs during infancy. It is possible that the reduction in astigmatism that commonly occurs during early development represents a passive maturational process. However, given that visual experience has been shown to dramatically influence corneal shape in chickens (Irving, Callender, & Sivak, 1995; Jensen & Matson, 1957; Lauber, 1991; Li & Howland, 2000; Li, Troilo, Glasser, & Howland, 1995; Schmid & Wildsoet, 1997; Stone, Lin, Desai, & Capehart, 1995) , it is also possible that visual feedback influences the degree of ocular astigmatism.
Using lens compensation strategies similar to those that revealed the role of visual feedback in emmetropization, several laboratories have investigated the possibility that the developing chick eye can somehow detect the presence of astigmatism and grow in a manner that reduces the astigmatic error (Irving et al., 1995; Laskowski & Howland, 1996; Phillips & Collins, 2000; Schmid & Wildsoet, 1997) . However, to date the results from these studies have been equivocal. For example, Irving et al. (1995) reared chicks with cylindrical lenses in front of one eye and found that the treated eyes developed astigmatic errors that partially compensated for the cylindrical lenses. The magnitude of the compensating astigmatism varied with the axis orientation of the treatment lenses with obliquely oriented cylinder lenses producing the greatest amount of compensation. However, using a very similar cylinder-lens-rearing strategy Schmid and Wildsoet (1997) failed to replicate these results (see also Laskowski & Howland, 1996; Phillips & Collins, 2000) . Instead they reported that young chicks exhibited minimal astigmatic changes and that these astigmatic changes did not compensate for the astigmatic focusing errors imposed by the cylinder lenses. It has been suggested that differences in the breed or strain of chickens used in these studies may have contributed to this discrepancy. However, it is also possible that the large amounts of naturally occurring astigmatism normally exhibited by young chicks (Schaeffel, Hagel, & Eikermann, 1994; Schmid & Wildsoet, 1997) somehow confounded the optical effects of the cylindrical treatment lenses.
There have not been any systematic attempts to study the effects of induced astigmatism on refractive development in mammals. Although several laboratories have reared cats (Cynader & Mitchell, 1977; Thibos & Levick, 1982) and monkeys (Macaca nemestrina) (Boothe & Teller, 1982) with optically imposed astigmatism, these studies concentrated on the behavioral or neurophysiological consequences of early astigmatism and it is unclear if the imposed astigmatism altered refractive development. The purpose of this study was to determine if the developing eyes of infant macaque monkeys are capable of compensating for optically imposed astigmatism.
Methods

Subjects
Infant rhesus monkeys (M. mulatta) were obtained at 1-3 weeks of age and housed in our primate nursery that was maintained on a 12-h light/12-h dark lighting cycle. The details of the nursery care for our infant monkeys have been described previously . After the initial biometry measurements at about 3 weeks of age, the monkeys were randomly assigned to either the control group (n ¼ 19) or the cylinder-lensreared group (n ¼ 39). All of the rearing and experimental procedures were reviewed and approved by the University of HoustonÕs Institutional Animal Care and Use Committee and were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Visual manipulations
Unrestricted/normal vision (control group)
The control group consisted of 16 infant monkeys that were reared with normal unrestricted vision and three monkeys that were reared wearing lightweight helmets that held zero-powered spectacle lenses in front of both eyes. The plano-lens-reared monkeys served as controls for our helmet rearing procedures and the resulting restrictions in the visual field (for details concerning the helmet rearing procedures see Hung et al., 1995; . Refractive-error data for the normal monkeys and two of the plano-lens-reared monkeys have been previously reported (Kee, Hung, Qiao, Habib, & Smith, 2002; .
Optically imposed astigmatism (cylinder-lensreared group)
Astigmatic refractive errors were optically simulated in 39 infant monkeys by fitting the animals with helmets that secured a sphero-cylindrical spectacle lens in front of one or both eyes. The principal meridians of the treatment lenses had refracting powers of +1.5 D and )1.5 D resulting in a spherical-equivalent refracting power of 0. The direction of the optically imposed astigmatism was controlled by positioning the minus cylinder axis of the treatment lenses at either axis 45°, 90°, 135°or 180°(e.g., þ1:50 À 3:00 Â 90). The lens rearing procedures were initiated at about 3 weeks of age (mean ± SD ¼ 23.2 ± 3.0 days, range ¼ 19-30 days) and the infants wore the helmets and treatment lenses continuously for an average of 109.0 ± 12.6 days. The rearing period, thus, corresponded to approximately 3-12 months of age in human infants and encompassed most of the rapid period of emmetropization when eye growth in normal infant monkeys is readily influenced by visual experience . Following lens removal the monkeys were housed in our standard laboratory caging area and allowed unrestricted vision.
At the start of the rearing period, infant monkeys are usually moderately hyperopic (Bradley, Fernandes, Lynn, Tigges, & Boothe, 1999b; and they have little or no refractive or corneal astigmatism . Consequently, viewing through the sphero-cylindrical treatment lenses with accommodation relaxed optically imposed the most common form of astigmatic refractive error observed in human infants, specifically compound, hyperopic astigmatism. The optical effects of the treatment lenses for an average infant monkey at the start of the treatment period, and particularly the effects of varying the axis of the treatment lenses, are illustrated in Fig. 1 . The top diagram represents a normal, unaccommodated infant monkey. Because of the naturally occurring hyperopia and the normal absence of astigmatism, an axial point source forms a point image behind the retina. The treatment lenses imposed essentially 3 D of astigmatism without altering the eyeÕs spherical equivalent refractive error. Consequently, the image of a point source consisted of two perpendicular line foci that were formed behind the retina. The position of the resulting circle of least confusion then corresponded to the original point image plane for the untreated eye. The orientation of the two line foci varied with the cylinder axis of the treatment lens. To simulate with-the-rule (WTR) astigmatism, the positive and negative powered meridians of the treatment lenses were positioned at 90°and 180°, respectively (i.e., þ1:50 À 3:00 Â 90). With the simulated WTR astigmatism, as with a natural compound hyperopic WTR astigmatism, the horizontal line focus produced by a point source was located closer to the retina than the resulting vertical line focus. To simulate against-the-rule (ATR) astigmatism or oblique astigmatism, which are illustrated in the bottom two panels of Fig. 1 , the axes of the treatment lenses were positioned at axis 180 (i.e., þ1:50 À 3:00 Â 180) or at one of the oblique meridians (i.e., þ1:50 À 3:00 Â 45 or 135), respectively.
Several lens-rearing strategies were employed to investigate the effects of optically imposed astigmatism on refractive development. The specific treatment regimens were chosen for methodological reasons and to simulate a variety of possible scenarios and directions of astigmatism.
Monocular astigmatism. Twelve infants were reared with sphero-cylindrical lenses in front of one eye and a zero-powered lens in front of the fellow, non-treated eye. The axes of the treatment lenses were oriented to simulate either WTR (n ¼ 6) or ATR astigmatism (n ¼ 6). This monocular lens-rearing paradigm was employed because infant monkeys normally exhibit very similar Fig. 1 . The optical effects of the treatment lenses for an average infant monkey at the start of the lens-rearing period. The control group (top) either did not wear lenses or wore plano lenses in front of both eyes. Because of the naturally occurring hyperopia and the normal absence of astigmatism, an axial point source forms a point image behind the retina in the unaccommodated state. The lens-reared group wore sphero-cylindrical lens (+1.5 and )1.5 D at the two principal meridians) with the principal meridians oriented at specific directions. The treatment lenses imposed essentially 3 D of astigmatism without altering the eyeÕs spherical equivalent refractive error. Consequently, the image of a point source consisted of two perpendicular line foci that were formed behind the retina. The position of the resulting circle of least confusion then corresponded to the original point image plane for the untreated eye. To impose with-the-rule (WTR), against-the-rule (ATR) and oblique (oblique) astigmatisms, the positive powered meridians were oriented at 90°, 180°and 45°(right eye) or 135°(left eye), respectively. refractive errors in their two eyes. Consequently, interocular comparisons can provide a very sensitive measure for any treatment-related alterations in refractive development.
Alternating occlusion and asymmetrical monocular astigmatism. In order to directly compare the effects of WTR and ATR astigmatism within the same subject, we reared eight infant monkeys with the treatment lenses oriented at axis 180 in front of the right eye (ATR) and axis 90 over the left eye (WTR). To encourage these animals to actively fixate with each eye, we employed an alternating occlusion strategy similar to that described by Graham and Judge (1999) . Specifically, each eye was alternately covered with a black occluder for half the daily light cycle, with the occluder being switched between eyes mid-way through the light cycle. Given the temporal integration properties of the mechanisms that mediate form-deprivation myopia in infant monkeys, it is unlikely that occluding each eye for half the day significantly altered refractive development .
Symmetrical binocular astigmatism. Even though monocular experimental manipulations can produce substantial interocular differences in refractive error in infant monkeys, the emmetropization process in the two eyes of young animals is not completely independent and manipulations in one eye can influence refractive development in the fellow eye (Bradley, Fernandes, & Boothe, 1999a; Bradley et al., 1999b; Hung et al., 1995; Sivak, Barrie, & Weerheim, 1989; Wildsoet & Wallman, 1995) . Moreover, with monocular lens-rearing strategies, the nature of a monkeyÕs visual experience depends on the animalÕs fixation behavior, in particular on which eye dominates accommodation (Hung et al., 1995) . To avoid confounding influences associated with potential interocular interactions, 19 infants were reared with sphero-cylindrical lenses in front of both eyes. The axes of the treatment lenses were oriented to produce WTR (n ¼ 7), ATR (n ¼ 6) or oblique astigmatism (n ¼ 6) in both eyes of a given infant. Because oblique astigmatism is typically mirror symmetric in the two eyes of humans (Risley & Thorington, 1895; Solsona, 1975) , the axes of the treatment lenses for the monkeys reared with imposed oblique astigmatism were oriented at 45°and 135°f or the right and left eyes, respectively.
Ocular biometry
Using procedures that have been described previously , the subjectÕs refractive errors, corneal curvatures, and their eyeÕs axial dimensions were measured at the start of lens wear and periodically throughout the treatment and subsequent recovery periods. To make these measurements, the monkeys were anesthetized (intramuscular injection: ketamine hydrochloride, 15-20 mg/kg and acepromazine maleate, 0.15-0.2 mg/kg; topical: 1-2 drops of 0.5% tetracaine hydrochloride) and cyclopleged (multiple drops of 1% tropicamide topically 20-30 min before retinoscopy).
The eyeÕs refractive errors were measured along the pupillary axis independently by two investigators using a streak retinoscope and hand-held trial lenses. An eyeÕs refractive error was taken as the mean of these measurements specified in minus cylinder form (Harris, 1988) . For many animals, refractive status was also measured with a hand-held autorefractor (Retinomax, Nikon).
Two different instruments that provided repeatable and comparable estimations of corneal curvature in infant monkeys were employed to measure corneal power . For each animal, we attempted first to measure corneal curvature using a hand-held keratometer that was aligned on the eyeÕs pupillary axis (Alcon Auto-keratometer; Alcon Systems Inc., St. Louis, MO). We obtained three readings for each eye, the average of which was taken as the corneal curvature (Harris, 1988) . However, some of the younger infants initially had corneal curvatures that were outside the measurement range of our hand-held keratometer. For these monkeys, corneal curvature was assessed using a corneal videotopographer (EyeSys 2000; EyeSys technologies Inc., Houston, TX). The ''simulated K'' readings computed from the topographic map for the central 3 mm of the cornea were taken to represent the corneal curvature. For analysis purposes each conventional sphero-cylindrical corneal reading (calculated assuming a corneal refractive index of 1.3375) was decomposed into a mean spherical equivalent power (M), a cosine Jackson crosscylinder component (J0), and a sine Jackson crosscylinder component (J45) using Fourier analysis (Thibos, Wheeler, & Horner, 1997) .
Since significant amounts of corneal astigmatism were observed in many of the treated animals, we also measured corneal diameter in a representative group of 25 animals. A dial caliper was employed to determine the corneal diameter along the 0°, 45°, 90°and 135°m eridians. Corneal diameter was measured from the edges of the transparent cornea (i.e., visible iris limits). Ten readings were collected for each meridian and the average was used for data analysis. The mean standard deviation of the caliper measures across all animals and meridians was 0.11 mm.
The eyeÕs axial dimensions were measured by A-scan ultrasonography implemented with a 7 MHz transducer (Image 2000; Mentor, Norwell, MA). Ten separate measurements were averaged and the intraocular distances were calculated using a weighted average velocity of 1550 m/s.
An infrared videoretinoscope similar to that described by Schaeffel, Farkas, and Howland (1987) and a commercially available autorefractor (Power Refractor, Multichannel systems, Reutlingen, Germany) were used to identify the nature of the induced astigmatic errors in infant monkeys during the lens-rearing period. While infrared videoretinoscopy provided a qualitative estimation of the monkeysÕ accommodative patterns through the astigmatic lens, the Power Refractor provided quantitative measures of refractive error. When performing infrared videoretinoscopy, video images of the retinoscopic reflex were recorded with the camera positioned at an 82-cm working distance with the animal viewing through the astigmatic lenses (for details see Hung et al., 1995) . The monkeyÕs attention was attracted by placing toys or bells close to the camera. Since our infrared videoretinoscope could only refract one meridian at a time, we refracted the four meridians of interest (0°, 45°, 90°and 135°) by rotating the row of infrared light-emitting diodes (LEDs) in 45°intervals. The direction that produced the smallest crescent in the retinoscopic reflex was taken as the meridian that was in focus, i.e., the meridian on which the animal accommodated. When we used the Power Refractor to assess the effects of lens wear, the monkeys were held gently by one of the examiners in a dim-light room, a toy or bell was placed close to the camera (1 m away) to attract the attention of the monkey. We chose the ''complete refraction'' mode and specified a calibration factor for macaques that was determined by the manufacturer. The ''complete refraction'' mode refracts the eyes along three different meridians, the refractive status measured with this mode was then used to see which meridian was focused on the retina (within ±0.50 D). Data from both instruments indicated that the astigmatic lenses produced constant astigmatic blur for both monocularly and binocularly-lens-reared monkeys, i.e., there was no evidence of astigmatic accommodation. The astigmatic error typically did not change in direction throughout an observation session, i.e., the animals consistently accommodated for the same meridian. In most cases, the monkeys showed the smallest refractive error along the least hyperopic meridian indicating that the monkeys typically postured their accommodation for the +1.5 D meridian of the treatment lens.
In the rest of this paper, we use the term ''refractive'' astigmatism to refer to the total astigmatism manifested by an eye, i.e., the astigmatic error measured by retinoscopy. The term ''corneal'' astigmatism represents the refractive power difference between the corneal principal meridians as measured by keratometry. ''Ocular'' astigmatism is used as a general term to refer to both refractive and corneal astigmatisms. ''Imposed'' or ''effective'' astigmatism refers to the astigmatic error experienced by the animal when viewing through the cylinder treatment lenses, i.e., the resultant astigmatism reflecting both ocular astigmatism and the cylinder power of the treatment lens. The magnitude and direction of astigmatism is specified by the power and axis, respectively, of the minus cylinder lens that would correct the eyeÕs astigmatic error for distance viewing. Since normal infant monkeys rarely exhibit astigmatic errors larger than 1.0 D , a ''significant'' astigmatism was defined here as an astigmatic error of 1.0 or more diopters.
Statistical analyses
Statistical analyses were performed using Minitab (Release 12.21, Minitab Inc.) or JMP Statistics software (Version 4, SAS Institute, Cary, NC). Two-sample t-tests (2-tailed) were used to compare control vs. treated groups. One-way ANOVAs were used for comparisons across groups. If the results of the one-way ANOVAs revealed a significant relationship, TukeyÕs pairwise multiple comparisons were used to see which pairs of means showed significant differences. RayleighÕs test was used to determine whether the axis of astigmatism was randomly distributed in our subject populations (Batschelet, 1981) . A bivariate regression analysis (SAS Institute Inc., 2000) was employed to determine the relationship between two dependent variables (e.g., corneal astigmatism and refractive astigmatism).
Results
Refractive properties: Prevalence and degree of astigmatism
Initial refractive properties
The initial biometric measurements showed that at the start of the treatment period the left and right eyes of individual monkeys were well matched. For both the control and experimental monkeys, there were no significant interocular differences in spherical-equivalent refractive error, average corneal curvature or magnitude of either refractive or corneal astigmatism (see Table 1 ). Consequently, the results presented below were from the right eyes unless stated otherwise (i.e., the treated eyes for the monocularly treated monkeys).
At the onset of the lens-rearing period, the refractive states of the monkeys in the treatment and control groups were very similar. There were no significant between-group differences in either the spherical equivalent refractive error, the average corneal curvature or the magnitude of refractive or corneal astigmatism (twosampled t-test, all p > 0:10). With the exception of one control monkey that was essentially emmetropic 
Longitudinal changes in ocular astigmatism
We have previously reported that astigmatism is rare in normal monkeys during the first 6 months of life. At 2-5 weeks of age, only about 10% of normal infant monkeys (n ¼ 132) had P 1.0 D of either refractive or corneal astigmatism. Of the 16 normal monkeys that were followed longitudinally, refractive astigmatism greater than 1.0 D was observed on only one occasion (out of 135 total observations). Corneal astigmatism greater than 1 D was found more frequently (15 out of 133 total observations), however it was typically transient and not present on subsequent measurements. Only one of the 16 normal monkeys demonstrated more than 1 D of corneal astigmatism on more than two occasions. The helmet rearing procedures themselves did not alter the prevalence of astigmatism. While two of the three monkeys reared with plano lenses in front of both eyes did not show refractive or corneal astigmatic errors greater than 1.0 D at any time during the lens-rearing period, one monkey showed significant but transient ocular astigmatism (2.00 D) at about 2 months of age but it had disappeared (0.50 D) by the end of the lensrearing period.
In contrast to the control animals, many of the cylinder-lens-reared monkeys developed significant amounts of ocular astigmatism during the treatment period. To illustrate the time course for the development of ocular astigmatism in our lens-reared monkeys, the magnitudes of refractive (filled symbols) and corneal astigmatisms (open symbols) are plotted as a function of age for the right eyes of representative monkeys in Figs. 2-4. Monkeys with imposed WTR, ATR and oblique astigmatisms are shown in Figs. 2-4, respectively. In Table 1 Pre-treatment refractive properties for all the monkeys (mean ± SD) Interocular comparisons between the right and left eyes (paired t-test) indicated that there were no significant differences in spherical-equivalent refractive error, average corneal curvature or ocular astigmatism. each figure, the monkeys are arranged according to the magnitude of corneal astigmatism measured at the end of the treatment period. The monkeys that are represented in these figures were selected because as a group they illustrate the range of astigmatic errors exhibited by the treated animals and they include animals that wore cylinder lenses over one or both eyes and some that experienced alternating monocular occlusion (labeled as ''M'', ''B'' and ''A'' in the parentheses beside each monkeyÕs 3-letter identification code).
If an animal developed astigmatism, the onset of astigmatism was often rapid. In some animals (e.g., ONA and KAY in Figs. 2 and 3, respectively), the occurrence of significant amounts of astigmatism was documented at the first measurement session after the beginning of lens wear. In most cases, the degree of astigmatism increased systematically over time. There was, however, a tendency for the astigmatic errors to level off after about 90 days of age. While higher magnitudes of astigmatism were generally found toward the end of the lens-rearing period, there was, as represented in Figs. 2-4, substantial intersubject variability in the time course for the development of astigmatism. For example, although monkeys ONA (Fig. 2) , OME ( Fig. 3) and LUI (Fig. 4) all had higher amounts of astigmatism at the end of the treatment period as compared to their initial measurements, the highest amounts of corneal and/or refractive astigmatisms occurred at different time points during the treatment period.
It is evident from Figs. 2-4, that the refractive astigmatism (filled symbols) was corneal in nature. The changes in refractive astigmatism over time, both increases and decreases in astigmatism, were typically synchronized with changes in the degree of corneal astigmatism (open symbols). For most animals, the magnitude of corneal astigmatism was slightly greater than the amount of refractive astigmatism, possibly reflecting the effects of a small amount of internal astigmatism. Fig. 2 for details) .
Magnitude and prevalence of astigmatism: End of treatment period
The amount of astigmatism that the lens-reared animals developed was not influenced by the direction of the optically imposed astigmatism. At the end of the treatment period, there were no significant differences in the magnitude of either refractive or corneal astigmatism for the monkeys that experienced ATR, WTR or oblique astigmatism (one-way ANOVA, F ¼ 0:37 and 0.28, df ¼ 2, p ¼ 0:69 and 0.77). Consequently, to compare the prevalence of astigmatism in control and treated animals, the results for all the lens-reared monkeys were combined.
At 4 months of age, i.e., at or near the end of the treatment period, the lens-reared monkeys showed significantly higher amounts of refractive and corneal astigmatisms than the control monkeys (mean ± SD; refractive: 1.30 ± 0.81 vs. 0.38 ± 0.33 D; corneal: 1.68 ± 0.94 vs. 0.63 ± 0.37 D; two sample t-test: T ¼ 6:14 and 5.83, df ¼ 54 and 50, p < 0:0001). Whereas none of the 4-month-old control monkeys showed more that 1 D of refractive astigmatism, 56.4% of the lens-reared monkeys had at least 1 D of refractive astigmatism. Similarly whereas only two of the 4-month-old controls (11.8 %) had more than 1.0 D of corneal astigmatism, 77.8% of the treated monkeys showed at least 1.0 D of corneal astigmatism. In fact, 59.0% of the lens-reared monkeys exhibited amounts of refractive and/or corneal astigmatism that exceeded the largest values of either corneal or refractive astigmatism (1.43 D) found in control monkeys.
Properties of the induced astigmatism
Axis of astigmatism
Regardless of the axis of the treatment lens, the axis of the ocular astigmatism that the lens-reared monkeys developed during the treatment period was typically oblique and mirror symmetric in the two eyes. The polar plots in Fig. 5A show the refractive and corneal astigmatisms that were exhibited by individual lens-reared monkeys at the end of the treatment period. RayleighÕs test (Batschelet, 1981) revealed that the axes for both refractive and corneal astigmatism were not randomly distributed in either eye (all r 2 > 0:34, n ¼ 39; p < 0:05). Instead for the right eyes the axes for refractive and corneal astigmatisms were clustered around means of 135.1°and 139.9°, respectively. The axes for refractive and corneal astigmatisms in the left eyes were clustered about means of 38.9°and 31.6°, respectively. The key point is that the axis of the ocular astigmatism was not in the direction required to compensate for the treatment lenses. Even early in the treatment period, when there was some variation in the axis of astigmatism, the direction of astigmatism was not in the appropriate direction to eliminate the optically imposed error.
To test the mirror image symmetry of the astigmatic axes between the two eyes, we calculated the angular difference between the normal ocular astigmatic axis in the right eye and the ''reflected'' astigmatic axis for the fellow left eye for individual monkeys. The reflected axes were determined by reflecting the left eye axes about the 90°meridian. For example, a left eye that had a refractive astigmatic error at axis 30°would have a reflected axis of 150°. Fig. 5B shows the distributions of the ''reflected differences'' for all of the lens-reared monkeys. For both refractive and corneal astigmatisms, the reflected differences between the two eyes were significantly clustered near 0 indicating mirror symmetry (means ¼ )5.5°and )2.6°; r 2 ¼ 0:34 and 0.39; n ¼ 39; p < 0:05). The reflected differences in refractive and corneal astigmatisms were less than ±30°in, respectively, 84.6% and 82.1% of the lens-reared monkeys.
Refractive vs. corneal astigmatism
Inspection of Figs. 2-4 indicates that the refractive and corneal astigmatisms observed in the lens-reared monkeys were similar in magnitude. To quantify the relationship between refractive and corneal astigmatisms, we decomposed the astigmatic errors obtained at the end of the treatment period into J0 and J45 components using Fourier analysis (Thibos et al., 1997) . Fig.  6 compares the total amount of corneal and refractive astigmatisms found in individual animals and the corresponding J0 and J45 components calculated for the corneal and refractive astigmatic errors. PearsonÕs correlation analysis, the results of which are summarized in Table 2 , indicated that there was a significant correlation between the corneal and refractive astigmatic errors for all three components (r ¼ 0:85, 0.37 and 0.81 for cylinder, J0 and J45 components, respectively; all p < 0:02). The correlation for the J0 component, the component primarily representing WTR and ATR astigmatic errors, was, however, weaker than those for either the J45 component (the component primarily representing oblique astigmatism) or the total amount of astigmatism. The slopes of the best fitting lines obtained using orthogonal regression analysis were less than 1.0 indicating that for all three astigmatic descriptors the magnitude of the corneal component was typically greater than that for the corresponding refractive component. In addition, strong correlations were also found between the total amount of refractive astigmatism and the corneal J45 component and between the refractive J45 component and the total amount of corneal astigmatism. These correlations reflect the fact that when refractive astigmatism was present, it typically had an oblique axis and was corneal in nature.
Corneal shape in astigmatic eyes
The changes in corneal curvature that were responsible for the ocular astigmatism in the cylinder-lensreared monkeys came about as a result of alterations in the normal rate of corneal flattening. To illustrate this Fig. 6 . The correlations between corneal and refractive astigmatisms at the end of the treatment period. While the total astigmatism (A), the cosine JCC component (B) and the sine JCC (C) component were all significantly correlated at the end of the treatment period, the correlation for the cosine JCC component was weaker than that for the other two components. In each plot, the solid line represents the bivariate orthogonal regression line for all data points and the dashed line represents a reference line of slope ¼ 1. point, the corneal curvatures for the steepest (filled circle with white cross) and flattest corneal meridians (open circle with black cross), the principal meridians, are plotted as a function of age in Fig. 7 for six representative monkeys that developed at least 2 D of corneal astigmatism during the treatment period (filled horizontal bars). For comparison purposes, the average corneal curvature for 18 individual control monkeys that exhibited less than 1 D of refractive astigmatism throughout the observation period are represented by the dashed lines.
The corneal curvatures for the normal monkeys decreased rapidly over the first 4-5 months of life. Thereafter the rate of corneal flattening was more gradual, but throughout the observation period the decrease in corneal power in the normal monkeys was systematic in nature. In the lens-reared monkeys, the ocular astigmatism appears to develop primarily because the steepest meridian flattens at a slower than normal rate. In most of the treated monkeys the onset of astigmatism was associated with an abrupt reduction in the rate at which the steepest meridian flattened. The idea that the lens-rearing procedures decreased the normal rate at which the steepest meridian flattens is supported by the subsequent step-like decreases in corneal power that occur near the end of the lens-rearing period. There were, however, also some suggestions that the rate of flattening of the flattest corneal meridian may have been accelerated in some of the treated animals. In particular for the monkeys in Fig. 7 that developed the largest astigmatic errors (monkeys QUA and LED), the data for the flattest meridian fell below the data for the normal monkeys and for both of these monkeys the rate of flattening appeared to, at least temporarily, decrease following the end of the treatment period.
The changes in corneal curvature observed in the lens-reared monkeys were associated with selective alterations in relative corneal diameter along the two oblique meridians. Fig. 8 shows the distributions of the differences in corneal diameter between the two oblique meridians (left) and those for the differences between the horizontal and vertical meridians (right) for monkeys with less than 1.0 D of corneal astigmatism (top) and for monkeys with at least 1.0 D of corneal astigmatism (bottom). In monkeys with low amounts of astigmatism, the corneal diameters along the 45°and 135°meridians Refractive and corneal astigmatic components (''cylinder'' ¼ total astigmatism; J0 and J45) are arranged in rows and columns, respectively. Significant correlations were found between the total astigmatism, the J0 and the J45 components for corneal and refractive astigmatisms, and between total astigmatism and the J45 components. were similar, i.e., the distribution of differences was centered near 0 (mean ¼ )44.5 lm, median ¼ )34 lm). However, as in humans (Pepose & Ubels, 1992) , the horizontal diameter was normally larger than the vertical diameter; all of the monkeys with less than 1.0 D of astigmatism showed larger horizontal than vertical corneal dimensions. The majority of the astigmatic monkeys also exhibited greater horizontal than vertical corneal diameters. The distribution of horizontal vs. vertical diameter differences was much broader for the astigmatic monkeys, but the average difference was comparable to that for the monkeys without significant amounts of astigmatism (astigmatic vs. non-astigmatic: mean ¼ 312.5 vs. 294.0 lm; median ¼ 252.7 vs. 204.0 lm; two sampled t-test, T ¼ À0:20, df ¼ 23, p ¼ 0:85). However, relative to non-astigmatic monkeys, the distribution of differences for the oblique corneal diameters for the astigmatic monkeys was skewed toward positive values indicating that the superior-temporal to inferiornasal diameter (i.e., the 135°and 45°meridians for the right and left eyes, respectively) was larger than that for the superior-nasal to inferior-temporal diameter (i.e., the 45°and 135°meridians for the right and left eyes, respectively). The average difference for the astigmatic monkeys was significantly greater than that for nonastigmatic monkeys (mean: 142.5 vs. 44.5 lm, median ¼ 66 vs. 34 lm; astigmatic vs. non-astigmatic, two sampled t-test, T ¼ À2:27, df ¼ 23, p ¼ 0:03) and a oneway ANOVA revealed that oblique meridian differences, but not the horizontal-vertical meridian differences, were dependent on the magnitude of astigmatism (df ¼ 3, F ¼ 3:86 and 0.43, p ¼ 0:02 and 0.73, respectively). Thus, the corneal diameter of the steeper oblique meridians in the astigmatic monkeys was smaller than that for the flatter oblique meridians.
Interocular effects
In addition to the interocular mirror symmetry in the direction of the astigmatism observed in the lens-reared animals, there were similarities in the magnitude of astigmatism between the two eyes. Fig. 9 compares the magnitudes of the refractive and corneal astigmatisms Fig. 8 . The distributions of the differences in corneal diameter along the two oblique meridians (left) and along the horizontal and vertical meridians (right) for monkeys with less than 1.0 D of corneal astigmatism (top) and for monkeys with at least 1.0 D of corneal astigmatism (bottom). Relative to non-astigmatic monkeys, the distribution of differences for the oblique corneal diameters for the astigmatic monkeys was skewed toward positive values indicating that the superior-temporal to inferior-nasal diameter (i.e., the 135°and 45°meridians for the right and left eyes, respectively) was larger than that for the superior-nasal to inferior-temporal diameter (i.e., the 45°and 135°meridians for the right and left eyes, respectively).
between the two eyes of individual lens-reared monkeys. For the binocularly treated monkeys (open symbols), there was a significant correlation between the left and right eyes for both corneal (Pearson correlation ¼ 0.40; p ¼ 0:04) and refractive astigmatisms (Pearson correlation ¼ 0.58; p ¼ 0:001). The interocular variation in the amount of astigmatism in the binocularly treated monkeys was less than the variation in astigmatism between experimental subjects, presumably reflecting greater between subject differences in the propensity of the eye to develop astigmatic errors in response to altered visual inputs.
Several observations suggest that the factors that promote the development of astigmatism have interocular consequences. First, the non-treated fellow eyes of the monocularly lens-reared monkeys exhibited higher than normal amounts of both corneal and refractive astigmatisms. Although the degree of astigmatism in the non-treated eyes was not well correlated with that in their fellow treated eyes (r for both refractive and corneal astigmatisms ¼ 0.23, p ¼ 0:47), a one-way ANOVA showed that there were significant differences in the magnitudes of both corneal (df ¼ 2; F ¼ 6:78; p < 0:01) and refractive astigmatism (df ¼ 2; F ¼ 11:67; p < 0:01) between the left eyes of control animals, the non-treated left eyes of the monocularly lens-reared monkeys, and the left eyes of the binocularly treated monkeys. Specifically, TukeyÕs pairwise multiple comparisons (family error rate ¼ 0.05) showed that the left eyes of control monkeys exhibited significantly lower amounts of refractive (mean ¼ 0. . However, there were no significant differences in the amounts of either corneal or refractive astigmatism between the left eyes of the binocularly treated monkeys and the non-treated left eyes of the monocularly lens-reared monkeys. Second, the average degree of astigmatism found in the right eyes of the binocularly treated monkeys (mean refractive ¼ 1.36 ± 0.94 D; mean corneal ¼ 1.80 ± 1.08 D) was higher than that found in the treated eyes of the monocularly lens-reared monkeys (mean refractive ¼ 1.17 ± 0.38 D; mean corneal ¼ 1.41 ± 0.52 D). Although these average differences are not statistically significant, none of the 12 monocularly treated animals exhibited more than 2.0 D of refractive astigmatism, whereas six of the 27 binocular treated monkeys showed between 2 and 3.5 D of refractive astigmatism. This trend of higher amounts of astigmatism in binocularly treated monkeys is in agreement with the idea that factors that promote astigmatism in one eye may facilitate the effects of similar factors in the fellow eye. In this respect, monocularly treated eyes would not have this facilitatory effect from their fellow untreated eyes.
Effective astigmatic refractive errors
Although many of the lens-reared monkeys developed substantial amounts of refractive astigmatism, the axis of this astigmatism was not appropriate to compensate for the astigmatic errors introduced by the treatment lenses. However, these refractive astigmatic errors could potentially alter the magnitude and certainly the axis of the effective astigmatic error that the animal experienced while viewing through the treatment lenses. To better define the nature of the optical errors associated with wearing the treatment lenses and to quantify the degree of astigmatic compensation, we calculated the effective ametropia produced by viewing through the treatment lenses. Fig. 10 graphically shows how the power of the treatment lens and the eyeÕs natural ametropia (represented as the power profile of the lens needed to correct the eye for distance) interact to yield the effective ametropia produced by our lens-rearing procedures. For illustration purposes, data are shown for a representative monkey from the alternating occlusion group that wore treatment lenses that were intended to impose ATR and WTR errors on the right and left eyes, respectively. The thin solid lines represent the eyeÕs ametropia plotted as a function of the angular meridian, which are indicated using traditional cylinder axis notation. It was assumed that the eyeÕs refractive astigmatism was regular in nature, i.e., that the eyeÕs principal meridians were orthogonal, and that, like the power of sphero-cylindrical lenses, the eyeÕs refractive error varied as a sine squared function of the angular distance from the axis meridian. At the start of the treatment period, this monkey was moderately hyperopic in both eyes with little or no astigmatism. Consequently, the functions representing the eyesÕ ametropias are essentially flat. The dashed lines represent the refracting power of the treatments lenses. The power of the lens at a given meridian h was calculated using the following formula:
where F Sph represents the lensÕ spherical power, F cyl is the cylindrical power and a is the minus cylinder axis of the lens. The effective ametropia imposed on the eye by viewing through the treatment lens was obtained by subtracting the refracting power of the treatment lens from the eyeÕs ametropia (i.e., refractive correction) at each meridian and is represented by the thick solid lines. At the start of the lens-rearing period the right and left eyes experienced essentially 3 D of compound hyperopic WTR and ATR astigmatism, respectively. For example the vertical meridian of the right eye had an effective hyperopic error of +6.1 D (i.e., eyeÕs ametropia of +4.6 D minus the lens power of )1.5 D), whereas the effective ametropia for the horizontal meridian was +3.3 D. If, during the treatment period, the eyes had developed an ocular astigmatism that compensated for the treatment lens, the function representing the effective ametropia should have become flatter, i.e., the depth of modulation would approach zero. By the end of the treatment period, this monkey had developed 1.0-1.5 D of refractive astigmatism in each eye. However, because the axes of the ocular astigmatism were oblique, there was not a reduction in the magnitude of the effective astigmatism. At the end of the treatment period the effective astigmatic errors were 3.4 and 3.5 D for the right and left eyes, respectively, but the axes of the effective errors had shifted toward the oblique axis meridians associated with each eyeÕs refractive astigmatism.
The initial and final effective ametropias for all of our lens-reared monkeys are shown in Fig. 11 . The results for individual monkeys are grouped according to the direction of the initially imposed effective astigmatism (WTR, ATR or oblique astigmatism). Inspection of the left column reveals that all but one monkey experienced compound hyperopic astigmatism when they were viewing through the sphero-cylindrical lenses at the start of the treatment period. The only exception was a monkey that had a small amount of hyperopia and the treatment lens effectively rendered one meridian emmetropic resulting in a simple hyperopic WTR astigmatism. At the end of the treatment period (right column), the range of effective astigmatic errors observed across the population had increased from initial values of 2.66-3.49 D to final Fig. 10 . The effective ametropia at the beginning and the end of the treatment period for a monkey reared with ATR and WTR astigmatism in the right and left eyes, respectively. In each plot, the effective ametropia, the ocular ametropia (represented by the power of the lens required to correct the eye for infinity) and the treatment lens power for individual meridians (from 0°to 180°) are represented by the thick solid lines (labeled ''Effective''), thin solid lines (labeled ''Ocular'') and short-dashed lines (labeled ''Lens''), respectively. The effective ametropia imposed on the eye by viewing through the treatment lens was obtained by subtracting the refracting power of the treatment lens from the eyeÕs ametropia at each meridian and is represented by the thick solid lines. The degree of modulation in the effective ametropia function indicates the effective astigmatism. At the beginning of the lens-rearing period (left column), the effective astigmatism in both eyes was almost entirely due to the power of the treatment lens because both eyes had negligible amounts of ocular astigmatism. By the end of the lens-rearing period (right column), this monkey had developed 1.0-1.5 D of refractive astigmatism in each eye. However, because the axis of this ocular astigmatism was oblique, there was not a reduction in the magnitude of the effective astigmatism.
values of 1.95-6.04 D. In addition the degree of effective astigmatism was on average higher at the end of the treatment period in comparison to that at the start of lens wear (mean ± SD ¼ 3.01 ± 0.17 vs. 3.51 ± 0.74 D, paired t-test, T ¼ À4:55, p < 0:0001). Only one of 47 treated eyes exhibited a decrease in effective astigmatic error that was larger than 0.5 D. In contrast 20 eyes exhibited an increase in the degree of effective astigmatism that was greater than 0.5 D. A one-way ANOVA revealed that the magnitude of the effective astigmatic error at the end of the treatment period did not vary with the direction of the initially imposed astigmatism (df ¼ 3, F ¼ 0:16, p ¼ 0:92). Small shifts in the axis of the effective astigmatism were common; however, the magnitude of these shifts was typically not sufficient to alter the direction of the imposed astigmatism in a clinically significant manner, i.e., animals that started with WTR astigmatism still exhibited WTR astigmatism at the end of the treatment period. The key point is that none of the lens-reared monkeys showed convincing evidence for compensatory ocular changes in response to the imposed astigmatic errors.
Recovery from experimentally induced astigmatism
The ocular astigmatic errors that the treated monkeys developed during the lens-rearing period were not permanent. Fig. 12A show the longitudinal changes in the magnitude of refractive (filled symbols) and corneal astigmatisms (open symbols) for four representative monkeys that had developed significant amounts of astigmatism during the lens-rearing period (indicated by the black bars in each plot). As illustrated by the data from monkey ZAR in the top panel, dramatic decreases in the ocular astigmatism were often observed immediately following lens removal and the onset of unrestricted vision. However, as illustrated by the other three monkeys in Fig. 12A (and in Figs. 2-4) , the recovery process frequently started prior to the end of the treatment period. In fact nine monkeys that had developed more than 1.5 D of astigmatism showed less than 1 D of astigmatism at the end of the treatment period. Regardless of when the recovery process began, the recovery from refractive astigmatism was closely associated with reductions in corneal astigmatism.
Recovery from the experimentally induced astigmatism was very consistent across all of the lens-rearing groups and typically complete in individual monkeys. Fig. 12B shows the magnitudes of refractive and corneal astigmatism obtained from all of the lens-reared monkeys at three different time points, specifically, at the beginning (23.2 ± 3.0 days of age) and end of the lensrearing period (120.3 ± 6.1 days of age) and about 5 months after lens removal (265.1 ± 6.6 days of age). While the magnitudes for both corneal and refractive astigmatisms varied in a statistically significant manner between these 3 time points (one-way ANOVA, df ¼ 2, 
Discussion
Our main findings were (1) that cylinder-lens-reared monkeys developed significant amounts of ocular astigmatism as compared to control monkeys, (2) the ocular astigmatism that the treated monkeys developed was corneal in nature, oblique in axis, bilaterally mirror symmetric, and reversible, and (3) regardless of the axis of the astigmatism optically imposed by the treatment lenses, the ocular astigmatism exhibited by the lensreared animals did not compensate for the lens-induced astigmatic errors, i.e., there was no evidence that monkeys have an active, visually regulated ''sphericalization'' mechanism.
The fact that significant amounts of ocular astigmatism emerged during the treatment period and disappeared following lens removal provides the clearest evidence to date that early visual experience can alter corneal shape in developing primates. We have previously found that infant monkeys that developed axial myopia in response to form deprivation or negative spherical lens wear also had steeper than normal corneas Qiao, Hung, Kee, & Smith, 2001; Smith, 1998) . However, the magnitude of these corneal alterations was small (on the order 0.5 D) and there were substantial individual differences. In contrast, the 2-3 D of corneal astigmatism observed in many of our cylinder-lens-reared monkeys represents an obvious and dramatic departure from normal.
However, several findings clearly indicate that the observed astigmatic changes do not represent a form of compensating corneal growth that would be analogous to the axial emmetropizing responses observed in reaction to spherical powered lenses (Graham & Judge, 1999; Howlett & McFadden, 2002; Hung et al., 1995; Irving et al., 1992; Kee et al., 2001; Norton & Siegwart, 1995; Schaeffel et al., 1988; Siegwart & Norton, 1993; Wildsoet, 1997) . The most critical observation in this regard was that the axis of the corneal astigmatism was not in the appropriate direction to counterbalance the astigmatic errors imposed by the treatment lenses. Instead, regardless of the axis of the treatment lenses, the axis of corneal astigmatism that developed as a result of lens wear was consistently oblique. In many cases, this distinctive and idiosyncratic corneal astigmatism combined with the treatment lenses to actually increase the magnitude of astigmatism experienced by our infant monkeys. The fact that in some animals the recovery from the induced corneal astigmatism clearly started prior to the end of the treatment period also argues that the resulting corneal astigmatism was not a compensating response, but instead probably a byproduct of vision-dependent mechanisms that regulate other aspects of eye growth.
Alterations in corneal growth have been observed in other species in response to a variety of environmental manipulations. For example, rearing chicks in either continuously dark or continuously illuminated environments produces a dramatic flattening of the cornea (Irving et al., 1995; Jensen & Matson, 1957; Lauber, 1991; Li & Howland, 2000; Li et al., 1995; Schmid & Wildsoet, 1997; Stone et al., 1995) that is accompanied by significant amounts of astigmatism (Schmid & Wildsoet, 1997; Yinon & Koslowe, 1986) . However, since genetically blinded chicks that are reared in constant light still develop flatter than normal corneas (Lauber & Oishi, 1989) , the effects of lighting conditions on the chick cornea may not reflect vision-dependent alterations in growth (Li & Howland, 1998) . Moreover, given that rearing infant monkeys in constant light has no effect on corneal curvature (Smith, Bradley, Fernandes, Hung, & Boothe, 2001) , it seems unlikely that the mechanisms responsible for the astigmatic alterations observed in our cylinder-lens-reared monkeys are the same as those that are responsible for corneal changes produced in chickens by alterations in the daily lighting cycle. On the other hand there is evidence that as in monkeys vision-dependent mechanisms can influence corneal shape in chicks. For example, form depriving young chicks appears to result in lower than normal amounts of astigmatism (Schmid & Wildsoet, 1997) whereas cylinder-lens-rearing regimens result in greater than normal amounts of astigmatism in young chicks (Irving et al., 1995; Schmid & Wildsoet, 1997) . Consequently, it is reasonable to suggest that the visiondependent astigmatic errors found in chicks and monkeys are mediated by homologous mechanisms. Given the many qualitative similarities between the emmetropization phenomena in chickens and monkeys, it would not be surprising.
Perhaps the most intriguing aspect of the astigmatic errors observed in our cylinder-lens-reared monkeys was the consistently oblique direction of the corneal astigmatism. There are, however, some suggestions that other investigators have also observed oblique astigmatism in response to visual manipulations in monkeys. For example, in their study on the effects of an imposed astigmatic error on spatial vision development in monkeys (M. nemestrina), Boothe and Teller (1982) reported that none of their four monkeys exhibited compensating refractive changes in response to 6 D of either ATR or WTR imposed astigmatism. However, during the treatment period one of their monkeys exhibited 1.5-2.75 D of astigmatism in each eye and that the axes were, as we observed in our monkeys, mirror symmetric and oblique (specifically axes 45°and 135°for the right and left eyes, respectively). Assuming that the visiondependent mechanisms responsible for astigmatism are similar in chickens and monkeys, the oblique nature of the resulting astigmatism could provide a potential explanation for some of the reported discrepancies concerning astigmatic compensation in chicks (Irving et al., 1995; Laskowski & Howland, 1996; Schmid & Wildsoet, 1997) . The chick studies that have included lenses oriented at oblique meridians have found alterations in refractive or corneal astigmatism that could be interpreted as compensatory in nature (Irving, Callender, & Sivak, 1991 Irving et al., 1992; Schmid & Wildsoet, 1997) . It is possible that in these instances the correlation between the axis of the treatment lens and the axis of the ocular astigmatism was fortuitous, simply reflecting the predilection for any procedure that promotes astigmatism to produce oblique astigmatism. On the other hand, there is comparatively little evidence in chicks for astigmatic compensation in response to simulated ATR or WTR astigmatism (Irving et al., 1995; Laskowski & Howland, 1996; McLean & Wallman, 2003; Schmid & Wildsoet, 1997) . This is not surprising, if as in monkeys, simulated ATR and WTR astigmatic errors also produce oblique astigmatism in chicks. In this case, one would expect negligible differences in corneal power or refractive error along the horizontal and vertical meridians.
While astigmatism is the most common refractive error in the human population (Borish, 1970) , little is known about the etiology of astigmatism. Throughout infancy and well into middle age, astigmatic refractive errors most frequently occur because the cornea assumes an approximate toroidal shape (e.g., Dobson et al., 1999; Duke-Elder, 1970; Grosvenor, 1976; Grosvenor et al., 1988; Howland & Sayles, 1985; Lam et al., 1999; Lyle, 1991) . Consequently, speculation concerning the etiology of corneal astigmatism has centered on factors that could potentially affect the curvature of the anterior corneal surface (e.g., Bogan et al., 1987; Duke-Elder, 1970; Grosvenor, 1976; Hartstein & Becker, 1970; Lyle, Grosvenor, & Dean, 1972; Vihlen & Wilson, 1983; Wilson, Bell, & Chotai, 1982) . For good reasons, most efforts to understand astigmatism have concentrated on the potential role of mechanical factors as a cause for astigmatism. It is well known that astigmatic errors are frequently associated with and well correlated with the location of eyelid abnormalities (Bogan et al., 1987; Nathan et al., 1986) , that alterations in normal eyelid tension can result in changes in corneal shape (Wilson et al., 1982) , and that contact lens wear can alter corneal shape in ways that reflect the physical relationship between the cornea and the contact lens (Hartstein & Becker, 1970; Ing, 1976) . Individual differences in the mechanical properties of the cornea have also been implicated in the genesis of astigmatism. For example, eyes that have low ocular rigidity are more likely to develop astigmatic errors related to contact lens wear (Hartstein & Becker, 1970) . With respect to the genesis of the astigmatic errors in our treated monkeys, we specifically used spectacle lenses in our treatment regimen in order to avoid mechanical issues. Moreover, throughout the treatment period we did not observe any behavioral differences (e.g., eyelid squinting) between our treated and control animals that would potentially account for the high prevalence of astigmatism in our treated animals. So it seems unlikely that external mechanical forces caused the astigmatic errors in our treated monkeys.
The astigmatism in our treated monkeys appears to develop because one meridian, the future steeper principal meridian, stops flattening at a normal rate. The steeper meridian also has a shorter corneal diameter than the flatter principal meridian. These results are in agreement with the idea that corneal area is unaffected by our treatment regimen and that the astigmatism develops because of constraints associated with the diameter of the cornea along the steeper oblique meridian. It has been shown that sutures in the corneoscleral limbus that compress tissue locally can result in corneal steepening and a concomitant decrease in corneal diameter (van Rij & Waring, 1984) . Are there local forces that could have affected the specific corneal meridians in our monkeys? The characteristic oblique axis of the experimentally induced astigmatism suggests that some innate asymmetries in ocular anatomy or physiology may play a critical role. In this respect, the insertion of the oblique muscles are somewhat aligned with the flatter principal meridians. It has been reported that pressure exerted by the extraocular muscles during convergence produces a small amount of WTR astigmatism (Fairmaid, 1959; Levenson, 1983) . However, given the posterior location of the oblique insertions, it is not clear whether either contraction or relaxation of the oblique muscles could directly and permanently influence corneal curvature or why wearing cylinder lenses would cause this action to have a greater than normal influence on corneal shape.
In other studies on the effects of visual experience on emmetropization in infant monkeys, we have observed that oblique astigmatism can also be associated with a number of rearing strategies that, like the cylinder lenses employed in this study, alter the eyeÕs axial elongation rate (Kee, Hung, & Smith, 1999; manuscript in preparation) . It is possible that the vision-dependent processes that regulate axial growth operate in a radially asymmetrical manner, either increasing or decreasing ocular growth in a manner that would somehow, possibly depending on the pattern of overall ocular growth, constrain the expansion of the corneal diameter along the oblique meridian. Although this study provides only limited insights into the mechanism(s) responsible for astigmatism, the availability of a rearing strategy that consistently produces corneal astigmatism should provide opportunities to investigate these processes.
